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ABSTRACT 
 The production of hydrogen from scrap tyre pyrolysis oil (STPO) was investigated 
using catalytic steam reforming. STPO is difficult to upgrade to cleaner fuels due to its high 
sulphur content, complex organic composition, high acidity and viscosity, which contribute to 
catalyst deactivation. The effects of temperature and steam to carbon ratio were investigated 
through thermodynamic equilibrium calculations of the main aromatic, aliphatic and hetero -
N and -S compounds known to be present in STPO. The optimum operating conditions in a 
packed bed reactor with a Ni/Al2O3 catalyst at atmospheric pressure and molar steam to 
carbon ratio of 4:1 were 750 °C at a WHSV of 0.82 h 
-1
. The maximum hydrogen yield was 
26.4 wt% of the STPO feedstock, corresponding to 67% of the maximum theoretical yield, 
compared to 79.4 % predicted at equilibrium for a model mixture of 22 STPO compounds in 
the same conditions. The selectivity to the H-containing products was 98% H2 and 2% CH4 
respectively, indicating little undesirable by-product formation, and comparable to 
equilibrium values. The potential to optimize the process to enhance further the H2 yield was 
explored via feasibility tests of chemical looping reforming (CLR) aimed at lowering the 
heating and purification costs of the hydrogen production from STPO. However, the 
hydrogen yield decreased with each cycle of CLR. Analysis of the catalyst indicated this was 
most likely due to deactivation by carbon accumulation and sulphur originally present in the 
oil, and possibly also by trace elements (Ca, Na). The NiO particles in the catalyst were also 
shown to have grown after CLR of STPO. Hence further development would require pre-
treating the oil for removal of sulphur, and use of a catalyst more tolerant to carbon 
formation. 
 
1. Introduction  
 The production of hydrogen from sustainable resources and waste materials as 
alternatives to fossil fuels present many challenges. This is especially so when the materials 
consist of complex hydrocarbons and inorganic compounds, such as those in scrap tyre 
pyrolysis oil. Enormous quantities of scrap tyres are available, some 5×10
6 
metric tons of 
scrap tyres are estimated to be produced worldwide annually, which constitute around 2% of 
the total solid waste produced from scrap tyres [1]. The European Union’s production of 
scrap tyres is about 2.5×10
6 
metric tons per year [1], and a similar amount is produced in the 
United States [2]. Most commonly, they are disposed of in landfill or abandoned in open 
areas [2], and this has high environmental impact, particularly due to fire hazards. 
In comparison with wastes such as paper, glass and plastics, tyres are not an “easy” 
waste to treat because of their size and shape characteristics [3]. There are various options for 
re-using the materials present in scrap tyre including retreading, shredding and grinding, 
energy recovery, pyrolysis and gasification [4]. Currently there are ca. 3000 manufacturers of 
tyre pyrolysis plants which produce carbon black. Recycling scrap tyres via a 
thermochemical process is suitable due to the low ash content and the higher heating value of 
tyres compared to coal or biomass. The high production volume of scrap tyres creates the 
need to find alternative waste management methods. Grinding and shredding produce rubber 
for applications such as carpets, sports facilities, or playgrounds [5].  Highway construction is 
a significant area of using scrap tyres and especially in asphalt modified with rubber 
produced from waste tires [6]. Eldin and Senouci [7] investigated the modification of 
concrete by replacing the aggregates with scrap tyre particles in terms of strength and 
toughness. The production of high value materials such as activated carbon was investigated 
by Betancur et al. [8].  
The real challenge however is the production of energy from scrap tyres. Pyrolysis of 
scrap tyres was the first approach and the derived products are said to be relatively easily 
handled and transported for use in remote plants [9]. The pyrolysis products can also be used 
in situ as fuels. The char produced can be used as a smokeless fuel or in activated carbon 
production industry [10-14]. There are currently approximately 3000 manufacturers of tyre 
pyrolysis plants geared towards the production of carbon black. The gaseous pyrolysis 
products  mainly consist of CO, CO2, H2S, CH4, C2H4, C3H8, C3H6, C4H10, C4H8, C4H6 and 
exhibit a very high calorific value (up to 40 MJ kg
-1
) [6, 14, 15]. There is an increasing 
number of scrap tyre granulation plants in the world, but the larger size fraction of the 
granulation process (2-12 mm)  does not currently have a commercial outlet, despite being 
produced at 60 000 tons/year in the EU [16]. Pyrolysis, also termed ‘distillation; of the scrap 
tyre can offer an alternative recycling route to this fraction, with oil as a primary product and 
char as a by-product. The char produced from distillation of scrap tyres can also be gasified 
with steam and oxygen to produce a high calorific value syngas [16]. The composition of the 
oil produced by pyrolysis of scrap tyres reveals mainly polycyclic aromatic hydrocarbons 
(PAH), some carcinogenic, but also aliphatics, and hetero –N and –S hydrocarbons [5, 17-
19]. It has been found that by increasing the pyrolysis temperature the concentration of PAH 
in the oil is increased [5]. The reason for the formation of PAH was explained by Diels-Alder 
reactions where the cyclisation of alkenes and dehydrogenation lead to formation of the 
aromatic hydrocarbons [20, 21]. The combustion of this type of oil produces soot that 
includes the unburned PAH and has an adverse impact on the environment. 
Several studies investigated the use of challenging liquid feedstock derived from 
biomass (vegetable oil, glycerol, pyrolysis bio-oils)[22-26] and from transport waste [27] to 
produce hydrogen. 
There are very few studies exploring the feasibility of producing H2 from scrap tyres. 
Mastral et al. produced hydrogen in three stages using pyrolysis followed by oxy-gasification, 
and a final water gas shift step. This resulted in a H2 yield of 6.9 wt % (solid tyre basis) from 
the combined pyrolysis and gasification, and 8.9 wt% after water gas shift [28].  Elbaba et al. 
used a novel coupled pyrolysis/catalytic steam gasification process, resulting in a H2 yield of 
5.43 wt % (solid tyre pellets basis) [29]. 
Portofino et al. combined a process of scrap tyre gasification followed by catalytic 
reforming to produce syngas. They achieved a hydrogen content of 74% in the gas when 
using a commercial nickel based catalyst for steam reforming at 650 °C. They also 
investigated a nickel-olivine catalyst for the reforming step, but found it to be less effective 
[30]. 
This study investigates an alternative use of the scrap tyre pyrolysis derived oil 
(STPO) as feedstock for catalytic steam reforming to produce hydrogen, and also explores the 
feasibility of chemical looping reforming (CLR) of STPO in a catalytic packed bed reactor. 
Chemical looping steam reforming (CLR) in a packed bed reactor is a cyclic two-step process 
consisting of alternating feeds to a reactor containing an oxygen transfer material (OTM) and 
a steam reforming catalyst. In the case of a Ni-based OTM, the same material can perform 
well the two functions of oxygen transfer via redox cycles, and of steam reforming catalyst in 
its reduced form. The feeds are a fuel-steam mixture for the steam reforming/OTM reduction 
step, alternating with air for the oxidation step. Like the autothermal reforming process, this 
may result in little or no external heating. However with CLR, the syngas produced is 
undiluted by nitrogen, therefore the cost of an air separation unit is avoided, which represent 
significant capital savings. CLR can even incorporate CO2 separation using a solid CO2 
sorbent, in which case carbonation and sorbent regeneration occur during the reforming and 
oxidation steps, respectively. This results in a nearly-pure H2 product (sorption enhanced 
CLR) without requiring downstream water gas shift reactors, thus reducing the requirements 
of the final purification stage. One advantage of this process compared to the conventional 
steam reforming process is its scalability due to the use of a single reactor, enabling the 
process to be sited locally to where the hydrogen-rich syngas is required. Moreover, because 
the heat for the endothermic steam reforming reaction is provided internally by the oxidation 
and carbonation reactions, reformer designs relying on large arrays of burners are avoided, 
circumventing the costs of periodically replacing expensive reformer tubes. Kumar et al. [31] 
and Lyon and Cole [32] have shown that high purity hydrogen can be produced autothermally 
by using this concept in the presence of a CO2-sorbent. It was also found that carbon formed 
during the fuel-steam feed step is burnt off during the OTM re-oxidation step. This feature 
offers the possibility of steam reforming many different types of coking feedstock heretofore   
not considered due to their propensity for catalyst poisoning by carbon deposition. Previous 
work by the authors has demonstrated high reactant conversions by chemical looping 
reforming using fuels such as methane [33], vegetable oil [34], waste cooking oil [22], waste 
automotive lubricating oil [27]], and biomass pyrolysis oils (palm empty fruit bunches and 
pinewood) [26]. A basic requirement of the process is the ability of the fuel to reduce the 
OTM during the beginning of the fuel-steam feed from cycle to cycle to enable catalytic 
steam reforming. The ability of scrap tyre pyrolysis oil to fulfil this function has not been 
reported in the literature previously.  
 
 
2. Experimental  
2.1 Characterisation of materials 
The STPO was provided by Tyrolysis Co., UK, and was produced via a fast pyrolysis process 
which had generated the following products distribution from the original scrap tyre: 1.1wt% 
water, 8.9 wt% gas, 45 wt% oil, 31.7 wt% carbon and 13.3 wt% steel. Analysis of the CHNS 
content of the oil was obtained using a Flash EA1112 Elemental Analyser by CE Instruments. 
Inductively coupled plasma mass spectrometry (ICP-MS) analysis was carried out to 
determine the metal content of STPO. This was carried out with a Perkin Elmer SCIEX Elan 
900 after sample digestion using an Anton Paar Multiwave 3000 microwave digester. 
Digestion of a sample (150 mg) required about 7 ml HNO3, 1 ml HCl and 2 ml H2O2.After 10 
min, the mixture was loaded in the microwave digester to undergo a 4-step power programme 
(2 min at 1400 W-15 min at 900 W, 15 min at 1400 W ending with 15 min at 0 W fan setting 
3). After digestion, the sample and a blank with no oil were left to cool in a fume cupboard, 
and then diluted with ultrapure water (100 ml) before transferral to the ICP-MS instrument. 
Thermogravimetric analysis (Shimadzu TGA 50 with TA 60 data collection software) was 
used to obtain the simulated distillation of the oil.  
The oxygen transfer material (OTM) doubling as the steam reforming catalyst consisted of 
pellets of 18 wt% NiO on -Al2O3 support provided by Johnson Matthey Plc (20 g). The 
catalyst was broken and sieved to particle size range of 0.85-2 mm prior to use. 
Powder X-ray diffraction (XRD) analysis was performed to quantify the different phases 
present in the fresh and the used catalysts, as well as to estimate their crystal sizes. AnX’Pert 
Philips system equipped with Highscore Plus software was used for the powder XRD data 
analysis. A first set of scans was carried out on the samples using a range of angles from 2 = 
5to 90
o
, with increments of0.017
o
, and scan step time of 40.7 s. A second set was performed 
from 2 = 20to 130o, with increments of 0.017o, and scan step time of 203.5s.A XL30SEM 
Philips combined SEM with a INCA X-sight EDX (OXFORD Instruments)was used to study 
the morphology of the surface of the used catalyst and its elemental analysis. The specific 
surface area of the fresh catalyst, the catalyst after H2 reduction and after oxidation was 
measured by a NOVA 2200e Quantachrome Instruments. XPS analysis was performed with a 
VG Escalab 250 XPS instrument. CASA XPS software was used for the analysis of the 
results. 
 
2.2 Reactor set-up and test procedures  
 
 Steam reforming and chemical looping reforming experiments were performed in a 
quartz bench–scale reactor (Fig. 1). The feed rates of STPO and water were controlled using 
syringe pumps (New Era Pump Systems). The gas flows were controlled using MKS mass 
flow controllers, and the composition of the outlet gases were measured every 5 s using 
Advance Optima Analysers by ABB. Concentrations of CH4, CO, CO2 were measured by a 
Uras 14 infrared absorption analyser, H2 by a Caldos 15 thermal conductivity analyser, and 
O2 gas by a Magnos 106 paramagnetic analyser.  
To prevent contamination of the products from one feed to the next, a nitrogen feed was 
used as a purge step in between each STPO-steam and air feed. In an industrial process, the 
presence of nitrogen throughout the fuel-steam feed and as a purge step would not be 
necessary, but would most likely be replaced by steam to prevent the possible presence of 
explosive mixtures. In this feasibility study, the continuous presence of N2 allowed material 
balances to be performed, resulting in calculations of fuel and steam conversions, hydrogen 
yields, carbon and oxygen transfer rates.   
 
Fig 1. Reactor set up. 
 
2.2.1. The pre-reduction step 
The fresh catalyst (supported NiO) was activated by reduction of NiO to Ni. This was 
achieved in the reactor by using of 5%H2/N2mixture (10/200 cm
3
 min
-1
 STP) at 750 
o
C. 
During this step, reaction (R1) occurred, which was evidenced by a H2 concentration lower 
than 5% in the off gas. Completion of this step was confirmed when the measured off gas 
composition returned to 5% H2.  
(R1)  H2 + NiO → H2O + Ni HR1,298 K = -2.12 kJ mol
-1
 
2.2.2. The steam reforming step: STPO-steam-N2 feed 
Steam reforming was investigated at atmospheric pressure using a molar steam to carbon 
ratio (S:C) of 4, at 750 
o
C, using 20 g of the as-received catalyst (supported NiO). The same 
carrier gas flow of N2 was used as in the reduction step (200 cm
3
 min
-1
 STP). Liquid feeds of 
STPO (0.4 ml h
-1
, density 988 kg m
-3
) and water (2 ml h
-1
) at 20 °C and1 atm were used. 
These conditions resulted in a weight hourly space velocity (WHSV) of 0.82 h
-1
. Fuel and 
water were fed simultaneously into the top of the reactor packed with the pre-reduced catalyst 
directly into the hot zone to minimise the undesirable pyrolysis reactions and coking. The 
reactions of steam reforming (‘SR’ or ‘R2’) and water gas shift (‘WGS’ or ‘R3’) proceeded. 
(R2)      CnHmOk + (n-k)H2Ovap→nCO + (n+m/2-k)H2ΔH2>0 
(R3)      CO + H2O ↔ CO2 + H2ΔHR3,298 K= -41.17 kJ mol
-1 
 
After approximately 1h of steam reforming, the reactor was purged with nitrogen (200 cm
3
 
min
-1
 STP) until all carbon product concentrations in the off gas were zero. The experiment 
ended with an air feed (1000 cm
3
m
-1
STP) at 750°Cthat allowed estimation of the carbon 
balance by burning off carbon deposits. Under the air feed the oxidation of Ni and coke 
oxidation are represented by reactions R4, R5 and R6: 
(R4) Ni(S) + 0.5 O2 → NiO(S)  HR4,298 K = -239.7 kJ mol
-1
 
(R5) C(S) + 0.5O2 → CO  HR5,298 K= -110.52 kJ mol
-1
 
(R6) C(S) + O2 → CO2   HR6,298 K = -393.51 kJ mol
-1
 
2.2.3. The chemical looping steam reforming of STPO 
The experiment of CLR of STPO began by a pre-reduction step under a H2/N2 flow as 
described in section 2.2.1, followed by a series of steam reforming steps as described in 
section 2.2.2. Therefore after the first cycle, reduction of the catalyst was performed by the 
STPO rather than H2, according to the reaction R7 below (also termed ‘unmixed 
combustion’[23-25]).  
(R7)      CnHmOk + (2n+m/2-k)NiO→nCO2 + (m/2)H2Ovap+(2n+m/2-k)Ni ΔHR7>0 
 
Reaction (R7) was evidenced by simultaneous production of CO2 and H2O with a molar ratio 
2n/m. The authors have not found evidence of unmixed partial oxidation reaction in their 
previous investigations of CLR with a variety of fuels on the same Ni catalyst [22, 23, 26, 27] 
Carbon deposition on the OTM-catalyst may occur during the NiO reduction (R7) until 
hydrogen is produced by steam reforming. This is represented by the simplified reaction 
(R8). The residue might then be steam reformed or await removal during the oxidation step, 
or possibly react with NiO as in reactions R9 and R10. 
(R8)  CnHmOk →→C(S) + 
fed ,,
CdHeOf(+H2, CO, H2O, CO2) 
(R9) C(S) + NiO(S) → CO+ Ni(S)  HR9,298 K= 129.17 kJ mol
-1
 
(R10) C(S) + 2NiO(S) → CO2 + 2Ni(S) HR10,298 K = 85.89 kJ mol
-1
 
The STPO-steam-N2 feed was followed by a N2 purge (200 cm
3
 min
-1
 STP and then switched 
to air (1000 cm
3
 min
-1
 STP) to perform the oxidation step of CLR. This step featured the 
oxidation reactions R4, R5 and R6. The air feed was turned off when the concentration of O2 
in the off-gas returned to 21 vol%, and a further N2 purge completed a cycle. Four cycles 
were performed. 
 
2.3 Process outputs via material balances 
 
The equations for the calculation of fuel and water conversions under fuel feed, rate of NiO 
conversion to Ni under fuel feed, of Ni to NiO under air feed, and the rate of carbon burn-off, 
are described in detail elsewhere for a fuel of generic CnHmOk composition [22]. Fuel 
conversion was based on measurement of CO, CO2 and CH4, and water conversion was 
calculated from knowledge of the water input, fuel conversion and measurement of H2 and 
CH4 via a hydrogen balance. The oxygen balance provided the rate of Ni oxidation and 
reduction. Integration over time of the relevant rates of production/removal, yielded an 
estimate of the extent of Ni↔NiO conversion and of C deposition/burn off by the end of each 
cycle. The combined steam reforming and water gas shift reactions (R2 and R3) provide a 
theoretical maximum H2 yield of (2n + 0.5m - k) mol of H2 per mol of CnHmOk fuel, this 
maximum allows the calculation of a H2 yield efficiency (experimental/ theoretical 
maximum) and maximum water conversion (2n-k per mol of fuel). 
2.4 Thermodynamic equilibrium calculations on known STPO compounds 
Thermodynamic equilibrium calculations were performed using minimisation of Gibbs free 
energy for known compounds of STPO identified from the literature [5, 17-19, 35]. A 
description of this method is given in [36]. The gas phase equilibria of 12 aromatics, 6 
aliphatics, 2 hetero –N and 2 hetero-S compounds with water were calculated at atmospheric 
pressure and molar steam to carbon ratio of 4 for temperatures from 25 to 1007 ºC. These 
were benzene, ethylbenzene, biphenyl, naphthalene, methylnaphthalene, toluene, anthracene, 
acenaphthene, fluorene, fulvene, d-limonene, xylenes (para/ortho/meta), cyclohexene, octane, 
cyclobutene, cyclobutane, pentadecane, heptadecane, heptadecane 1-nitrile, p-
phenylenediamine, thiophene and benzothiophene. The thermodynamic properties were 
found in [37] in the required NASA polynomial format and in [38], followed by reformatting 
in NASA polynomial format. 
  
3. Results and discussion 
3.1. Characterisation of the oil 
The properties of the STPO are summarised in Table 1 together with the techniques used to 
determine them.  
 
Table 1 
 
The ultimate analysis allowed to derive a molar formula for the STPO (C0.35917H0.62499O0.01330 
N0.00136 S0.00119). There were high levels of the catalyst poison sulphur as revealed in 
comparable concentrations by both EA and ICP-MS (0.7-0.7 wt%), as well as significant 
amounts of Si and Ca. The molar formula was subsequently used to calculate the HHV of the STPO 
(42.8 MJ kg
-1
) using the correlation devised  by Channiwala and Parik [39]. This in turn allowed 
estimating its standard enthalpy of formation (H
0
f=-1.49 MJ kg
-1
) and the standard reaction enthalpies 
(H298K,R2/R7) of steam reforming of STPO (R2) and of reduction of NiO with STPO (R7) at +9.91 and 
+6.67 MJ kg
-1
 respectively. The maximum theoretical yield of hydrogen (R2+R3) was calculated at 
39.42 wt% of the STPO feed. Using the oil yield of 45 wt% from the original scrap tyre through the 
fast pyrolysis process, this was equivalent to 17.74 wt% of the original scrap tyre. For a given molar 
steam to carbon ratio (S:C), the maximum water conversion could then be calculated, e.g. for S:C of 
4, it was 49.1%.  
Figure 2 shows the STPO conversion between the extrema of mass during the 
volatilisation phase in the TGA of the STPO (50 ml min
-1
 N2, heating rate of 3 K min
-1
).  
Modelling the volatiles’ mass loss using an improved (iterative) Coats and Redfern method 
[40] was executed using models applicable to liquids [41]. The models tested were Avrami-
Erofeev (variable order), n
th
 order reaction (variable n), contracting volume (also called 
shrinking core or contracting sphere), and contracting surface. The contracting volume model 
generated the best fit, based on finding a linear correlation coefficient significantly closer to 1 
than those of the other models (0.9983 compared to ~0.98),  yielding the activation energy of 
12.3 kJ mol
-1
. The low value of this activation energy in combination with the contracting 
volume model indicated a physical transformation, in this case, evaporation, had taken place 
[41, 42], as opposed to chemical reactions of thermal decomposition such as those observed 
for bio-oils [22, 26, 27]. Therefore the TGA experiment would have acted as the reverse of 
the condensation process that allowed collecting the oil during the fast pyrolysis of the scrap 
tyres in the first place, without altering the chemical mix. Figure 2 shows the excellent 
agreement exhibited by the conversion versus temperature curves obtained experimentally 
and by modelling. 
 
Fig 2 
3.2 Thermodynamic equilibrium 
Figure 3 shows the effects of steam to carbon ratio on the curves of H2 yield vs. temperature 
for one of the STPO model compound (biphenyl). All the main compounds tested (aromatics, 
aliphatics) behaved in a similar way. According to Le Chatelier’s principle, increasing the 
S:C ratio resulted in higher H2 yields, which shifted towards lower temperatures. A 
compromise needed to be struck when choosing a S:C for the experiments, given the 
increasing costs of raising and recycling excess steam in the process. For this reason, the S:C 
of 4 was chosen, as increasing the S:C beyond this value did not significantly improve the 
yield. For each compound at a S:C of 4, Table 2 lists the water conversion fraction, H2 yield 
(as a wt% of the compound, and as wt% of tyre using 45% oil yield), H2 yield efficiency 
(equilibrium/max theoretical), and selectivity to the H-containing products H2 and CH4 at 
equilibrium.  Results are given for two temperatures: 757 °C, and the temperature where the 
maximum equilibrium H2 yield was obtained. The latter varied slightly between 607 °C and 
657 °C depending on the compounds (these are rough approximations since the calculations 
were performed with 50 °C increments). H2 yields were in the region of 32 wt% and 36 wt% 
of the compound for most of the aromatics and aliphatics which are understood to form the 
bulk of STPO, respectively. Only a drop in 1 wt% was incurred when temperature increased 
from 657 (maximum yield) to 757 °C (temperature of the experiments) for these compounds. 
The H2 yield efficicency was maximum 86%, and 83% at 757 °C for the same bulk of 
aromatic and aliphatic compounds. There were a few exceptions, such as xylenes, which had 
a maximum yield of 28.1 wt% at 607 °C, decreasing to 25.1 wt% at 757 °C, and heptadecane, 
with a maximum yield of 31.5 wt% at 607 °C, decreasing to 24.9 wt% at 757 °C. The 
advantage of operating at 757 °C was zero selectivity to methane compared to 0.5-1% at the 
temperature of maximum H2 yield, thereby removing the unwanted CH4 by-product but 
causing some reverse water gas shift. In the selectivity calculation, H2 is given the same 
weighting as CH4. However, given that each mol of CH4 can potentially steam reform to 4 
mol of H2, (3 if there is no CO shift), avoiding the CH4 product appears more important than 
incurring a little reverse water gas shift. The hetero –N and –S compounds  which typically 
account for a few wt%  in STPO [19]) had lower H2 yields and were more sensitive to 
temperature, given that their maximum H2 yield occurred at around 607 °C. Simulation of a 
STPO mixture at 757 °C such as that described in table 3 of [19], generated a H2 yield of 31.5 
wt% of mixture, with a H2 yield efficiency of 79.4%. When converting the H2 yield to the 
original scrap tyre feedstock via the oil yield of 45 wt% through pyrolysis, this became 14.2 
wt% of scrap tyre. These values as well as the water conversion fraction of 0.376 and the 
selectivity to H-products (99.8 % H2, 0.1% CH4) can then form the basis of a comparison 
with our experimental results. 
 
 
3.3 Catalytic Steam Reforming of STPO 
 
Figure 4 shows a plot of the STPO and steam conversions during the STPO-steam-N2 phase 
at 600 
o
C (4a) and 750 °C (4b) for a S:C ratio of 4. At 600 °C, the conversion of the oil first 
stabilised at around 37 % for 2000 s, and increased subsequently to 68% for a further 1000 s. 
Steam conversions were 37% and 26% in the same time ranges respectively, compared to the 
maximum theoretical steam conversion of 48.1% at S:C ratio of 4. This corresponded to H2 
yields of 23.6 and 20.9 wt% respectively. Increasing the reactor temperature to 750 
o
C 
generated more stable fuel and steam conversions (Fig. 3b), despite decreasing the water gas 
shift equilibrium (R3). The average STPO conversion at 750 °C was 82%, while the 
conversion of the steam was 24%. Hydrogen yield for this experiment was around 23 wt% (or 
58% H2 yield efficiency). These experiments showed STPO can be steam reformed over a Ni 
catalyst with good fuel and steam conversions. Subsequently the CLR experiments were 
carried out at 750 °C.  
Figs. 3a & 3b 
3.4 Chemical Looping Reforming of STPO 
Figure 5 charts the amounts of H2, CO2, CO and CH4(dry basis) with time in the 
reformate at 750 °C for a S:C ratio of 4.  Cycle 2 was chosen as representative. In any given 
cycle, two consecutive regimes could be identified during a STPO-steam-N2 feed, as was 
found in [27] and [26]. At the beginning (3000-6000 s), CO2was the main product, and CO, 
CH4 and H2 concentrations were negligible. Following this, there was a simultaneous 
production of significant levels of CO2, CH4, CO, with H2 as the main product. 
Fig. 5 
Fig. 6  
Figure 6 displays the STPO and steam conversions of cycle 2 calculated from carbon 
and hydrogen balances using the measured concentrations in Fig 5. The first regime was 
attributed to NiO reduction (R7) because CO2was the only gas product with a negative steam 
conversion (-15%) and significant fuel conversion (~80%). During this regime, the ratio of 
production of CO2 and H2O was 1.20±0.02 (average over 1500 s), compared to the theoretical 
ratio 2n/m of 1.15 from stoichiometry of reaction R7. This confirmed the almost exclusive 
reduction of NiO by STPO (unmixed combustion). The second regime (beyond 6000 s) was 
attributed to steam reforming with water gas shift (R2-R3).The products were CO, CO2, H2, 
with a positive steam conversion (+25%) and a conversion of STPO around 85%. There were 
also small amounts of CH4, indicating activity of the methanation of CO (reverse R2 
producing CH4), or thermal cracking (R8), or a combination of both R2 and R8.This 
behaviour is typically found when the steam reforming catalyst activity is low, most probably 
caused from catalyst poisoning by the high levels of sulphur in the feed.  
Fig. 7 
The extent of NiO reduction to Ni was calculated for each STPO-H2O-N2 feed and 
subsequent N2 purge (Fig. 7), yielding the total NiO conversion to Ni for each cycle. There 
was no evidence of reduction during the N2 purge (lack of reactions R9 and R10), consistent 
with complete reduction during the preceding STPO-H2O-N2 feed. Similarly, the rate of Ni 
oxidation to NiO was determined via carbon and oxygen balances for each air feed. After 
integration, the extent of Ni oxidation to NiO was calculated for each cycle (Fig. 8).  
Fig.8 
Close to 100% oxidation of Ni and 100% reduction of NiO were maintained from cycle to 
cycle, with closely matching amounts of O transferred between reduction and oxidation. This 
indicated STPO has the ability to reduce the Ni catalyst and that the catalyst is able to re-
oxidise repeatedly, as required for successful chemical looping. 
Table 3 records the average H2 yields and H2 yield efficiencies, alongside the 
percentage fuel and steam conversions (Xfuel and XH2O), selectivity to H-products and the 
carbon balance (in g of C) for the 4 CLR cycles. The mass of carbon listed as ‘balance’ 
results from the difference between carbon assumed deposited during the catalyst reduction 
regime of the fuel/steam feed (difference to 100% of the fuel conversion) and the carbon 
burned to CO and CO2 during the catalyst oxidation regime (air feed).  
Table 3 
The highest H2 yield was obtained in cycle 1 with 26.4 wt % of STPO, or 11.9 wt% of 
original scrap tyre, corresponding to a H2 yield efficiency of 67%. The yield of 11.9 wt% of 
scrap tyre is the highest reported for scrap tyre conversion to hydrogen and was maintained 
for the whole duration of the first cycle (2900 s). Some of the penalty in efficiency 
(difference to 100%) was caused by the reverse water gas shift reaction at the relatively high 
temperature of 750 °C. This is corroborated by the selectivity to CO being greater than to 
CO2, with a CO to CO2 ratio of ca. 1.5 (from Fig.5). Moreover, the incomplete fuel 
conversion (86.4%) was responsible for the largest penalty in H2 yield efficiency, as well as 
the expected equilibrium limit (79.4 % according to the model STPO mixture, Table 2). 
Therefore the mean measured H2 yield could be further improved by above all carrying out a 
better fuel conversion through reaction R2. This may be achieved using a lower WHSV than 
that used in the experiment, by using lower flow rates or a larger mass of catalyst. This could 
not be tested in the present set-up due to practical constraints. It is however clear that STPO 
has a good potential as a feedstock for catalytic steam reforming.  
However the H2 yield decreased with each subsequent cycle of chemical looping 
reforming, reaching about 50% of the initial cycle value by the 4
th
 cycle. This drop in H2 
yield was reflected in declining STPO and steam conversions from 86% and 29 % down to 
70% and 12%, respectively. At the same time the selectivity to the H-containing product CH4 
was also seen to increase from 2.4% to 28.1% from cycles 1 to 4 (Table 3). These effects 
reflect a decrease of catalyst activity for both steam reforming and water gas shift reactions 
(R2 and R3), allowing thermal cracking to become increasingly important. 
3.5 Causes of catalyst deactivation 
There are two possible causes for the catalyst deactivation. Catalyst coking is a known 
deactivation mode during steam reforming. The carbon balances listed in Table 3 showed the 
amount of carbon increased with each cycle. 
By the 4
th
 cycle, approximately 0.22 g of carbon (i.e. 1.1 w% of the catalyst) were 
estimated to have deposited on the catalyst, representing 1.83×10
-2 
mol of C, for a catalyst 
bed that contained just 4.82×10
-2
mol of Ni to start with.  
Figure 9 plots the XPS elemental scan of the used catalyst after the CLR experiments that 
concluded with an air feed and a final N2 purge. 
 
Fig.9  
 
Although the sample had been oxidised, there was evidence of carbon on the surface of the 
catalyst from the XPS. The carbon peak at 284 eV corresponds to Ni3C (nickel carbide) [43], 
and formation of nickel carbide on steam reforming catalysts is a known cause of 
deactivation for which [44-46] are few examples of the extensive literature on the subject. 
The XPS spectrum also showed Ca and Na were on the used catalyst. Calcium was present in 
significant concentration in the STPO (215 ppm, Table 1), and to a lower level, sodium too 
(59 ppm). Calcium deposition is detrimental to catalyst performance [47], and sodium can 
also decrease catalyst activity. SEM-EDX analysis (Fig. 10) showed the expected Al, Ni and 
O peaks, and also the presence of Ca and sulphur, present in large concentration in the STPO 
(8249 ppm, Table 1). Sulphur is a powerful poison of nickel during steam reforming [48-50]. 
 
Fig. 10  
 
Finally, deactivation can also be caused by loss of surface area caused by sintering of 
the active metal crystallites. Powder XRD analysis using Rietveld refinement was used to 
determine metal particle size and composition (Fig. 11). Agreement between observed and 
modelled spectra was very good (residual curve close to zero). The phase compositions 
derived from Rietveld refinement via the Scherrer equation (corrected for strain and 
instrumental peak broadening) yielded 17.8 wt% NiO and 79.2 wt% -Al2O3 for both the 
fresh and used catalysts, thus placing them very close to the 18 wt%/Al2O3 given by the 
manufacturer. Thus deactivation via loss of the active metal was negligible. Comparison of 
the NiO crystallite size of 45 nm for the fresh catalyst and 73 nm for the used oxidised 
catalyst indicated some sintering of the NiO particles. 
 
Figure 11 
 
The catalyst deactivation appears to have been a combination of coking, nickel carbide 
formation, poisoning by the sulphur (and perhaps Ca and Na contents), and some sintering of 
the active metal particles crystallites. The first step in controlling catalyst deactivation would 
be to desulphurise the STPO, perhaps by hydrodesulphurisation (HDS) [41], and secondly 
reduce coking by more careful addition of STPO to the steam reforming reactor. 
  
 
4 Conclusions 
Steam reforming of scrap tyre pyrolysis oil (STPO) was possible between 600 and 750 
°C, with the higher temperature yielding more stable products over time. Using a nickel 
catalyst that had been pre-reduced in H2/N2, afforded good H2 yields (26 wt% of the oil feed 
or 11.8 wt% of the tyre), achieved via oil and steam conversions of 86% and 26% 
respectively. Whereas steam conversion was limited by the water gas shift equilibrium, 
conversion of the oil has the potential to be improved by increasing the residence time in the 
reformer or increasing the amount of catalyst used. The ability of the STPO to repeatedly 
reduce the NiO to catalytically active Ni, and for the catalyst to be re-oxidised by air, as 
required for chemical looping reforming, was also demonstrated. Catalyst deactivation during 
chemical looping reforming of STPO was caused by accumulation of carbon on the catalyst, 
nickel carbide formation, and poison accumulation (sulphur, calcium and sodium).There was 
also evidence of sintering of the nickel phases. Future work will focus on investigating 
potential refining processes of this fuel to overcome the more important deactivation factors 
and the incorporation of a CO2 solid sorbent to enhance the oil and steam conversion and 
hence the H2 yield while also increasing the H2 purity in the syngas. 
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Nomenclature 
H2 yield amount of H2 produced / amount of oil used. Units are either mol/mol or wt 
% of oil. 
H2 yield  Ratio of H2 yield to the maximum theoretical H2 yield from complete steam 
Eff. reforming and water gas shift reactions (not accounting for equilibrium 
effects) 
JM Johnson Matthey 
S:C Molar steam to carbon ratio 
H-Sel Selectivity to H containing product (%) 
C-Sel  Selectivity to C containing product (%) 
SR Steam reforming reaction (assumes CO and H2 products) 
STPO Scrap tyre pyrolysis oil 
WGS Water gas shift reaction 
Xfuel Fuel conversion fraction (based on the measurement of the CO, CO2, CH4 
products, a nitrogen and carbon balance. 
XH2O Steam conversion fraction (based on N, C and H balances) 
X(model) Modelled conversion fraction of the TGA experiment, calculated using the 
derived kinetics using the best fit model (contracting volume) and the 
improved iterative Coats-Redfern method described in [10] 
X(TGA) Conversion fraction during TGA experiment under N2 flow. Defined by 
(mass–initial mass)/(final mass-initial mass) 
 
  
Table 1 Characteristics of the STPO 
Property Value Analysis 
density 988 kg m
-3
  
pH 6.0  
Volatiles content  96  wt% TGA 
Carbon residue  4  wt% TGA 
Ash 1.3 wt% TGA 
 
C 82.7 wt% EA 
H  12.1 wt% EA 
S 0.73 wt% EA 
S 0.82 wt% ICP-MS 
N 0.36 wt%  EA 
O 4.11 wt% 100-EA 
   
Metals* 1535 ppm mass ICP-MS 
List of metals and ppm mass below  
 
 
 
 
 
  
B Na Mg Al Si P 
2.0 59.0 5.8 70.2 923.4 61.4 
K Ca Ti Fe Zn Br 
29.5 215.5 17.1 34.7 10.7 105.7 
      
Molar C0.35917 H0.62499 O0.01330 N0.00136 S0.00119 
Molar mass 5.2147 g mol
-1
   
HHV 42.8 MJ kg
-1
    
H
0
f -7.77 kJ mol
-1
 -1.49 MJ kg
-1
 STPO 
HR2,298K +51.7 kJ mol
-1
 +9.91  MJ kg
-1
 SR of STPO   
HR7,298K +34.8 kJ mol
-1
 +6.67  MJ kg
-1
 NiO reduction 
Max H2  yield 39.42  wt% of STPO  
Max H2 yield 17.74 wt% of tyre  
      
Table 2 Thermodynamic equilibrium conversions of the fuel (Xfuel) and steam (XH2O), H2 
yield, H2 yield efficiency and the selectivity to the H–containing products (H2 and CH4) for 
S:C=4 and known STPO compounds. Rows 1 & 2: calculated averaged values (±stdev) over 
12 aromatics*. Rows 3 & 4: same over 6 aliphatic compounds
+
. Rows 5 & 6: same over 4 
hetero-N and -S compounds^. Max H2 yield was found at ~657 °C for all compounds except 
xylenes, heptadecane and the hetero-N and –S compounds (~607 °C). Last row corresponds 
to STPO mixture (from table 3 in [19]), accounting for 77.8 % area of GC-MS peaks out of 
the 91.3 % listed) 
 
Compounds and temperature XH2O 
H2 yield 
wt% fuel 
H2 yield 
wt% tyre 
H2 yield  
eff. % 
H-Sel 
H2 % 
H-Sel 
CH4 % 
Aromatics        
@757°C 0.394±0.02 32.0±0.9 14.5 82.7±3.1 99.9±0.0 0.1±0.0 
@657°C (Max H2 yield) 0.415±0.01 33.0±0.7 14.9 85.7±0.1 99.5±0.0 0.5±0.0 
Xylenes @757°C 0.301 25.1 11.3 62.8 100.0 0.0 
Xylenes @607°C(Max yield) 0.349 28.3 12.7 70.9 99.0 1.0 
       
Aliphatics       
@757°C 0.389±0.004 36.0±1.0 16.2 83.4±0.1 99.9±0.1 0.1±0.0 
@657°C(Max H2 yield) 0.404±007 36.7±1.3 16.5 86.0±0.1 99.5±0.2 0.5±0.2 
Heptadecane@757°C 0.268 24.9 11.2 57.1 99.9 0.1 
Heptadecane@607°C(Max yield) 0.348 31.5 14.2 72.1 98.5 1.5 
       
Hetero-N –S        
Heptadecane-1-nitrile @757°C 0.276 23.43 10.5 58.1 100.0 0.00 
Heptadecane-1-nitrile @607°C 0.356 29.70 13.4 73.6 98.5 1.45 
p-phenylenediamine @757°C 0.305 17.90 8.06 59.8 100.0 0.00 
p-phenylenediamine @607°C 0.382 22.74 10.2 76.1 98.6 1.42 
Thiophene @757°C 0.290 12.74 5.73 53.1 88.8 0.00 
Thiophene @607°C 0.407 16.94 7.62 70.5 87.7 0.97 
Benzothiophene @757°C 0.307 16.95 7.63 59.3 96.3 0.00 
Benzothiophene @607°C 0.402 21.63 9.73 75.6 93.2 1.19 
       
STPO mixture @757°C 0.376 31.53 14.2 79.4 99.8 0.1 
* benzene, ethylbenzene, biphenyl, naphthalene, methylnaphthalene, toluene, anthracene, 
acenaphthene,  fluorene, fulvene, d-limonene, p/o/m-xylene 
+ 
cyclohexene, octane, cyclobutene, cyclobutane, pentadecane, heptadecane 
^hetero-N: heptadecane-1-nitrile, p-phenylenediamine, hetero-S: thiophene and benzothiophene.  
  
Table 3  Conversions of the STPO and steam, H2 yield, H2 yield efficiency, selectivity to the 
H–containing products (H2 and CH4) and carbon balance at 750 
o
C for S:C=4 for four CLR 
cycle experiments.  
 
 
Cycle Xfuel XH2O 
H2 yield 
wt% STPO 
H2 yield 
wt% tyre 
H2 yield 
Eff % 
H-Sel H2 
% 
H-Sel CH4 
% 
C-balance 
(g) 
1 0.864 0.289 26.4 11.9 67 97.6 2.4 0.0391 
2 0.816 0.239 22.3 10.0 55 93.1 6.9 0.012 
3 0.603 0.197 16.4 7.4 42 88 12.1 0.0953 
4 0.696 0.118 13.1 5.9 33 72 28.1 0.2189 
 
 
 
 
Fig 1. Experimental set up. N-R V.= non return valve, F.A.= flame arrester, M.F.C.= mass 
flow controller,  S.P.= syringe pump, P.R.= pressure relief, T/C= thermocouple, G.A.= gas 
analysers 
 Fig 2 Conversion fraction of STPO vs. temperature during TGA (50 ml/min N2, 3 K min
-1
). 
Kinetic model curve corresponds to contracting volume (best fit), with A=5.93×10
-3
 and E = 
12.31± 0.03 kJ mol-1, which produced a linear correlation of 0.9983. 
 
 
 
 
Fig. 3 H2 yield (wt % of fuel) from biphenyl vs. temperature for S:C from 0 to 8 at 
thermodynamic equilibrium. 
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Fig. 4 Conversion fractions (Xfuel) and steam (XH2O) vs. time on stream at (a) 600 
o
C and (b) 
750 °C for S:C of 4. 
 
Fig. 5 H2, CO2, CO and CH4 vol % in the dry reformate vs. time on stream from the steam 
reforming of STPO at S:C=4 and 750
o
C. Balance to 100 vol. % attributed to N2 gas carrier, 
cycle 2. 
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Fig. 6 Conversion of oil and water vs. time on stream during fuel-steam feed step, S:C=4, 
T=750 ºC, cycle 2   
 
Fig 7 NiO reduction vs. time (% of NiO fresh catalyst), S:C=4, T=750 ºC, cycle 2  
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 Fig. 8 Extent of NiO conversion to Ni, and of Ni oxidation to NiO for each cycle.  
 
 
Fig. 9 XPS analysis of used NiO catalyst (cycle 4). 
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Fig. 10 EDX spectrum focused on SEM image of catalyst particle of used catalyst (cycle 4) 
 
 
 
  
Fig. 11 Rietveld refinement of XRD spectrum of used catalyst (S:C 4, cycle 4). 
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